Graphene nanoribbons display an imperfectly understood transport gap. We measure transport through nanoribbon devices of several lengths. In long (≥250 nm) nanoribbons we observe transport through multiple quantum dots in series, while shorter (≤60nm) constrictions display behavior characteristic of single and double quantum dots. New measurements indicate that dot size may scale with constriction width. We propose a model where transport occurs through quantum dots that are nucleated by background disorder potential in the presence of a confinement gap.
nanoribbons, however, conductance through the device is suppressed for a wide range of Fermi energies around the Dirac point. The observation of this conduction gap, 4, 5, 6 which scales inversely with ribbon width, 4 has led to the proposal of graphene nanoribbons as next-generation highfrequency transistors. However, the observed conduction gaps are larger than those expected from a single-particle confinement picture in the absence of lattice effects at the edges, while studies on nanoribbons of different orientations with respect to the graphene lattice 4 demonstrate that explanations depending on the presence of well-defined crystallographic edges 7, 8, 9 do not apply. Several alternative explanations have been put forward to explain the large energy scale of the conduction gap. One proposal involves a non-conductive "dead zone" at the ribbon edges due to atomic-scale disorder that causes the effective conducting ribbon width to be narrower than the physical width. 4 Elaborations on this idea propose that atomic-scale disorder near the ribbon edge may give rise to localized states that extend into the ribbon body. 10 Conversely, random charged impurity centers in the body of the ribbon, in combination with the ribbon's confinement gap, have been proposed to cause a metal-insulator transition. 11 Others have suggested that lithographic line edge roughness may create a series of quantum dots defined by nanometer-scale variations in ribbon width. 12 Here we examine detailed conduction characteristics of long nanoribbons as well as short nanoconstrictions in an attempt to elucidate the origin of the large conduction gap in graphene nanoribbons.
In light of our data, we propose that the random charged impurity centers present throughout the graphene sheet, in conjunction with a gap stemming from the constriction's confined geometry, give rise to isolated puddles of charge carriers acting as quantum dots both in long nanoribbons and in short nanoconstrictions, even in cases where the constriction length is so short that there is no hard transport gap. The physical origin of quantum dot behavior in graphene nanoribbons has implications for the manufacture of graphene nanoribbon transistors.
As reported elsewhere, 4, 5 long (≥1 micron) graphene nanoconstrictions display gapped behavior: conduction is suppressed by several orders of magnitude for a wide range of gate voltages around the Dirac point, and for tens of mV of source-drain bias. In Figure 1 we show data from a 250 nm long, 40 nm wide graphene nanoribbon patterned by oxygen plasma etching through a PMMA mask on a graphene flake. This flake and all others discussed in this paper have been verified to be single-layer by Raman spectroscopy, 13, 14 and are contacted by Ti/Au metal patterned far from the constriction region. We estimate the flake mobility to be 500 cm 2 /Vs based on two-wire measurements made between contacts not spanning the constriction. 15 All data reported herein are from two-probe measurements: in general the constriction resistance is larger than any other resistance in the circuit, and in any case four-probe measurements cannot eliminate the resistance of the region of the graphene flake between the metal contacts and the constriction region. We see the large scale gap reported by others (Figure 1b) . 4, 5 Careful examination of the conduction inside the gapped region ( Figure 1c ) reveals Coulomb diamond-like features, with conduction suppressed by more than 7 orders of magnitude around zero source-drain voltage for nearly all gate voltages, indicating the presence of several quantum dots in series. From the dI/dV map we calculate dot areas ranging from 860 to 1700 nm 2 , consistent with the formation of dots that span the width of the ribbon, with lengths of the same order as their widths. 16 In the course of the paper we use the same method to calculate dot sizes in nanoconstrictions of varying width and length. We summarize the sample dimensions, mobilities and dot sizes in Table 1 .
In order to better understand the origin of these quantum dots in long nanoribbons, we have fabricated a series of shorter (≤60 nm) constrictions: in doing so we hoped to isolate a small number of dots in the constriction region and study their behavior in detail. Fabrication of our short constrictions begins as for our long constrictions with the deposition of Ti/Au contacts on a graphene flake far from the constriction region and an oxygen plasma etch through a PMMA mask to define the constriction. In most of our short constrictions, however, this step is followed by the deposition of an aluminum oxide insulator and then gate metal, and finally liftoff, resulting in a nanoconstriction situated between two separately addressable side gates. In Figure 2 we show data from a 60 nm long, 15 nm wide constriction. We estimate the mobility of the flake far from the constriction region to be 700 cm 2 /Vs, although we emphasize that the processing steps that the constriction region has undergone in our side-gated constrictions may cause its mobility to differ from the mobility of the flake as a whole. Conductance traces with respect to back gate voltage show a wide region of suppressed conductance punctuated by narrow conductance peaks.
A stability diagram (Figure 2c ) of conductance versus back gate and one side gate exhibits features moving with a constant slope. From this slope we extract a measure of the relative capacitance of the side and back gates to the graphene in the constriction region. We identify the diagonal region of lowest average conductance running through the center of figure 2c as the set of back and side gate voltage pairs that bring the potential inside the constriction to the Dirac point. Within this diagonal region we observe relatively narrow and straight conductance peaks running in parallel. at which we observe a transition from single-to double-dot behavior in Figure 2d , the differential conductance pattern changes: we observe tall diamonds that intersect to form a small diamond at V sg = -1.5 V, suggesting that conduction is occurring through two quantum dots in parallel. From the spacing in gate voltage of the conductance peaks defining the uniform diamonds near the Dirac point and from the larger diamonds at higher V sg we calculate dot areas of 900 nm 2 +/-70 nm 2 for the single, larger dot near the Dirac point and 300 nm 2 +/-20 nm 2 for the second, smaller dot at larger gate voltages. 18 Excited state features with energy spacing of 7 meV can be seen running in parallel with the diamond boundaries in the diamond centered at V sg = -1.0 V in Figure 2f , along with inelastic cotunneling features in the diamond centered at -1.3 V (horizontal lines spanning the diamond). Excited state features as well as inelastic cotunneling features demonstrate the presence of two distinct energy scales. The existence of two distinct energy scales in our diamonds is enough alone to establish that these features are not conduction resonances stemming from transport through a single tunnel barrier. To rule out the possibility that the features are due to Fabry-Perot-like transport through double-or multiple barriers, we consider the energy scales involved. In a system such as this, with very low average conductance and therefore opaque tunnel barriers, Fabry-Perot transport would be equivalent to transport through a very large confined area, one so large that the charging energy has become negligible. The energy scales we observe in our device, however, are non-negligible: our diamond heights (∼ 4-20 mV) are in fact larger than those measured in many lithographically defined graphene quantum dots 19, 20 where the existence of a non-negligible charging energy is well-established. We therefore conclude that the two energy scales we observe are the charging energy required to add an additional electron to the dot and the spacing of confinement energy levels inside the dot. The presence of inelastic cotunneling features is a further indication of transport through a quantum dot, as they stem from energy dissipation occurring inside the feature responsible for the conduction peaks, which is not possible inside a single simple tunnel barrier.
The dot size derived from our measured level spacing is inconsistent with energy level transitions in a circular quantum dot of the area calculated from the measured charging energy. Unlike experiments where quantum dots in graphene are geometrically defined, 19,20 we have no measure of the shape (as opposed to the area) of the dot under study, and no reason to assume that it has a well-defined circular or square geometry. For more realistic geometries the Dirac spectrum produces chaotic level spacings from which it is not possible to extract geometric information without detailed statistics. 19, 21 From the side gate voltage where the larger diamond first appears, though, we estimate that the lowest energy level of this dot is located 100 meV from the Dirac point. We note that the bottom of the potential defining the dot does not necessarily coincide with the spatially averaged Dirac point measured by transport: however, should it be the case that the bottom of the potential defining the dot is not far from the spatially averaged Dirac point we calculate that this energy level corresponds to a length scale of 21 nm, which is in rough agreement with the size of this smaller quantum dot calculated from the spacings of Coulomb blockade peaks.
In order to gain information about localization lengths in narrow constrictions, we have fabricated on the same graphene flake a constriction of similar (10 nm) width but of 30 nm length.
This very short constriction fails to show highly suppressed conductance near the Dirac point (see Figure 1 of the supplementary information). This is similar to the findings of Ponomarenko et al. 19 regarding the necessity of fabricating very short constrictions at the entrances of their lithographically patterned graphene quantum dots in order to ensure large coupling to the leads. Based on our findings, we estimate that the localization length in our very narrow constrictions is on the order of 50 nm.
In contrast to the narrowest short constrictions, in short 60 nm long constrictions with widths of 35 and 55 nm, a regime where long nanoribbons (in work by us and others) 4, 5 show gapped conduction behavior at low temperatures, we do not observe a hard gap in transport. Instead, we measure conduction profiles similar to those observed in extended graphene sheets but with Coulomb diamond features overlaid. Figure 3 shows data obtained from the 60 nm long, 35 nm wide constriction, patterned on a flake whose mobility we estimate to be 3000 cm 2 /Vs. We address the question of whether the diamond features we observe reflect the presence of quantum dots or simply resonant tunneling through a barrier. In figure 3d we show the temperature dependence of the conductance peak area for the peak occurring at 6 V back gate voltage (V bg ). In transport through a quantum dot a transition from a peak area that is constant in temperature to a peak area that increases linearly with increasing temperature should be observed when kT becomes comparable to the level spacing in the dot, corresponding to the transition between transport through single and multiple energy levels in the dot. Such a transition would also be observed in the case of resonant tunneling through a barrier, but it would occur at a temperature equivalent to the level spacing within the barrier: there would be no difference between the temperature at which this transition occurred and the "charging" energy measured in dI/dV. In our data, the temperature at which the transition from single-level to multi-level transport occurs is on the order of 4 K, or 0.7 meV, while the charging energy is greater than 5 meV for the peak in question. Another possibility is that the features we see in our source-drain maps reflect not Coulomb blockade but Fabry-Perot behavior. In fact we do observe Fabry-Perot features similar to those observed by Miao et al 22 but these features are much narrower than the Coulomb blockade features under discussion, disappear at temperatures above 1.5 K, and are also present in measurements made across contacts not spanning the constriction (see Figure 2 Figure 3 of the supplementary information), where we find dot areas ranging from 1600 to 7100 nm 2 . In Table 1 we summarize the calculated dot areas for all constrictions discussed here. Although more measurements would be necessary to make strong quantitative statements, the available data suggest that the area of quantum dots scales with the width but not the length of the constriction. We do not rule out the possibility that sample mobility may also play a role in determining dot size.
We emphasize that the 60 nm long, 35 nm wide constriction is narrower than the 250 nm long, 40 nm wide nanoribbon described in Figure 1 , and yet displays Coulomb diamonds on top of a background that increases with gate voltage in a manner similar to bulk graphene instead of the hard-gapped conduction seen in long nanoribbons. 4, 5 This increasing background provides a possible explanation for why we do not observe a transition from single to multiple quantum dot behavior in wider constrictions: in these constrictions Coulomb blockade features at larger gate voltages would be obscured by the rising Dirac background.
The short length of our constrictions and their geometry (where the constriction is narrowest at its center) makes it implausible that quantum dot behavior in these constrictions stems from lithographic line edge roughness where the width of the ribbon varies randomly by a few nanometers over a length scale of tens of nanometers as has been proposed for long nanoribbons. 12 In addition, we observe changes in differential conductance data (see Figure 4 of the supplementary information) after thermal cycling: the pattern of Coulomb diamonds becomes more complicated, suggesting multi-rather than single-dot transport, and the inferred dot size changes by factors of ∼ 2. These changes imply that a model where Coulomb blockade behavior is produced by line edge roughness alone does not apply.
Instead we propose that the quantum dot behavior we observe in our samples may stem from the doping inhomogeneity of bulk graphene on SiO 2 , 23 combined with the presence of a confinement gap from the constriction. The combination of these two effects would generate carrier-free regions at gate voltages near the Dirac point punctuated by islands of p-and n-type carriers: in Figure 4 we show a cartoon based on simulations of the electron density induced by a gate voltage in combination with a random impurity potential landscape, where impurity density is extracted from sample mobility. 33, 34, 35, 36, 38 Unlike more sophisticated treatments 39,40 our cartoon model does not take into account electron interaction effects in calculating the local electron density. After calculating the local potential due to the charged impurity landscape we impose a gap based on the confinement energy due the constriction and set the electron density to zero whenever the It is likely that bulk mobility also plays a role in the size of dots formed in this scenario: future experiments will provide more quantitative information on the relationship between dot size, mobility and constriction width. In contrast to our model where bulk disorder is the most important factor in determining conductance properties of graphene nanoconstrictions, conduction gaps in long nanoribbons have in the past been explained in terms of Anderson localization caused by edge defects. 10, 31 In our short constrictions, the presence of nearby metal gates seems to pin the Dirac point in the ribbon at zero gate voltage, in contrast to our devices free of patterned metal gates where samples are generally p-type at zero gate voltage. Pinning, or alternatively screening effects from the nearby metal, may decrease the importance of edge disorder in our side-gated samples. In support of this proposal is the fact that data from samples fabricated in the same shortconstriction geometry as those described above but without the deposition of metal gates on top of the etched area shows disordered differential conductance through the constriction with few identifiable Coulomb diamonds (see Figure 5 of supplementary information for an example of such a sample). We also emphasize that our measurements on short constrictions fabricated without metal side gates imply that our model, where bulk disorder effects dominate over edge effects, may be most applicable in devices with nearby patterned metal side gates. While we believe that bulk disorder should affect conductance through all constrictions, in constrictions fabricated without nearby metal gates effects associated with disordered edges might be more important. Local probe studies such as scanning gate microscopy on short constrictions patterned without metal side gates may in the future provide more information on the relative importance of bulk and edge disorder in non-side-gated constrictions and nanoribbons.
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Supplementary Information Simulations
To generate the cartoons featured in figure 4 of the main paper, we generate a set of random impurities at density per lattice site 33, 34, 35, 36 n imp = C µa with strengths distributed uniformly over the energy interval [−δ , δ ], 37 where we choose 38 C = 5x10 15 and
where t is the nearest-neighbor hopping energy ≈ 2.7eV , ξ is the screening length in the material, which we choose to be 4a following Lewenkopf 39 and
impurities, and then employ a crude method that neglects electron interaction effects to get a rough measure of the local density at each point r due to the charged impurities and Fermi energy due to the overall back gate voltage: 
